Two rhenium(I) tricarbonyl diimine complexes, one of them with a 2,2´-bipyrazine (bpz) and a pyridine (py) ligand in addition to the carbonyls ([Re(bpz) 2 excited-state structure affects the rates and the reaction mechanism for photoinduced proton-coupled electron transfer (PCET) between 4-cyanophenol and the two rhenium(I) complexes. Transient absorption spectroscopy provides clear evidence for PCET reaction products, and significant H/D kinetic isotope effects are observed in some of the luminescence quenching experiments. Concerted proton-electron transfer is likely to play an important role in both cases, but a reaction sequence of proton transfer and electron transfer steps cannot be fully excluded for the 4-cyanophenol /
INTRODUCTION
In view of the importance of proton-coupled electron transfer (PCET) in photosynthesis, [1] [2] [3] respiration, 4 nitrogen or carbon dioxide fixation 5 there have been numerous investigations exploring the fundamentals of PCET in recent years. [6] [7] [8] [9] [10] Phenols have played a prominent role in such studies, [11] [12] [13] [14] [15] [16] partly because phenolic functions occur in biologically relevant PCET systems but also because they are simple enough for mechanistic investigations in purely artificial systems. A question of central interest in such studies is often whether the electron and the proton are transferred in a concerted manner or whether there are individual (consecutive) steps of electron transfer and proton transfer. [17] [18] A variety of different experimental techniques have been employed including electrochemical, 10, 15 EPR, 19 and optical spectroscopic methods. [20] [21] Many experimental investigations performed until now focus on PCET between molecules in their electronic ground states, but recently there has been increasing interest in PCET reactivity of photoexcited molecules or metal complexes. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Such investigations appear interesting in the context of direct light-to-chemical energy conversion, but much is yet to be learned about PCET involving electronically excited states. 28 3
Against this background we have conducted a comparative study of the excited-state PCET chemistry of the two rhenium(I) tricarbonyl diimine complexes shown in Scheme 1 with 4-cyanophenol as a common reaction partner. Rhenium complexes of this type have long been known as luminophors and photooxidants, [34] [35] [36] [37] and they were frequently employed as sensitizers for photoinduced electron transfer. [38] [39] [40] [41] [42] [43] [44] Both complexes from Scheme 1 have protonatable nitrogen atoms at the ligand periphery, either at a 2,2'-bipyrazine (bpz) chelating agent (left) or at a monodentate 1,4-pyrazine (pz) ligand (right). Based on prior studies of photoexcited ruthenium(II) 2,2'-bipyrazine complexes with phenols as reaction partners we anticipated that photoexcitation of the two rhenium complexes from Scheme 1 would induce PCET chemistry when 4-cyanophenol is present at sufficiently high concentration. 25, [28] [29] 33 Based on these prior investigations we pictured that in aprotic solvent 4-cyanophenol might form hydrogen bonds to the bpz ligand of [Re(bpz)(CO) 3 (py)] + (py = pyridine) and to the pz ligand of [Re(bpy)(CO) 3 (pz)] + (bpy = 2,2'-bipyridine), and such encounter adducts would appear to be reasonable precursors for PCET events.
Scheme 1.
MLCT excitation and PCET chemistry in two distinct 4-cyanophenol / rhenium reaction couples. ET = electron transfer, PT = proton transfer.
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The long-lived 3 MLCT (metal-to-ligand charge transfer) state which is populated after photoexcitation is localized on the bidentate bpz and bpy ligands (upper half of Scheme 1). Consequently, MLCT excitation of [Re(bpz)(CO) 3 (py)] + is expected to increase the basicity of the nitrogen atoms at the periphery of the bpz ligand relative to the ground state (which is beneficial for proton transfer), but at the same time the MLCT-excited electron is in the middle of the electron transfer pathway between 4-cyanophenol and the metal center (lower left corner of Scheme 1). By contrast, MLCT excitation of [Re(bpy)(CO) 3 (pz)] + opens a direct electron transfer pathway from the phenol to the metal center (lower right corner of Scheme 1), but MLCT excitation in this case is expected to decrease the basicity of the uncoordinated pz nitrogen atom relative to the ground state. We deemed it interesting to explore to what extent, if at all, these two fundamentally different scenarios affect the photoinduced chemistry of 4-cyanophenol / rhenium reaction couples.
RESULTS AND DISCUSSION
X-ray crystal structures. Yellow monocrystals of [Re(bpz)(CO) 3 (py)](PF 6 ) were grown by slow diffusion of pentane into an acetone solution. This compound crystallizes in the monoclinic C2/c space group with two molecules of the complex and two hexafluorophosphate counter ions in the asymmetric unit. The [Re(bpz)(CO) 3 (py)] + cation is depicted in Figure 1a (note that only one crystallographically independent cation is represented). A solvate of this structure has already been described by Rillema et al. 45 The [Re(bpy)(CO) 3 Thermal ellipsoids are depicted at the 50 % probability level. Hydrogen atoms are omitted for clarity.
In both structures, the rhenium center has its three carbonyl ligands arranged to form the fac-isomer, as is commonly the case for this class of complexes. The coordination sphere is completed by a chelating bpz or bpy ligand and a monodentate py or pz ligand to form an octahedral coordination polyhedron with ligand-metal-ligand angles ranging from 74.84° to 99.18°. The Re-N bond distances are shorter for the chelating bpz and bpy agents than for the monodentate py and pz ligands ( Table 1 ),
indicating that the bidentate ligands are bound more strongly to the metal than the monodentate ligands, as is expected. 46 All Re-C bonds are almost of equal length, showing no elongation in any position (an averaged distance is given in Table 1 ). slower decay component exhibiting a lifetime of ∼200 ns. This observation may be a manifestation of static quenching in phenol-rhenium adducts that are pre-associated before photoexcitation, but we note that even at the highest phenol concentration the slow decay component contributes only 5 % to the total emission decay. Consequently, the data analysis below will be based on the assumption of dynamic emission quenching, as is customary when emission lifetimes and intensities are both dependent on the quencher concentration. Analogous luminescence quenching experiments were performed with deuterated 4-cyanophenol (CN- suggesting that the rate-determining excited-state deactivation step involves proton motion. (Table 2) . Thus, an H/D KIE of 1.8±0.2 is found from the lifetime data, in agreement with the value extracted from the emission intensities.
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The result of this experiment is shown in Figure 4d and demonstrates quite convincingly that the 440 nm absorption (and the weaker sideband at 420 nm) is due to CN-PhO·; in fact the spectrum in Figure 4d is quite typical for phenoxyl radicals.
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The direct observation of 4-cyanophenoxyl radical in transient absorption strongly suggests that PCET chemistry occurs between 4-cyanophenol and the photoexcited [Re(bpy)(CO) 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the red spectrum of Figure 4a . Thus, there is direct evidence not only for a phenol oxidation product but also for a rhenium reduction product in all relevant cases.
Given the experimental uncertainty associated with the luminescence quenching experiments performed with [Re(bpz)(CO) 3 The electrochemical properties of the [Re(bpz)(CO) 3 Electrochemical potentials for one-electron reduction were generally reported versus the saturated calomel electrode, and in Table 3 complex having a methylated 1,4-pyrazine ligand which we will discuss later. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The electrochemical potential for one-electron oxidation of 4-cyanophenol (E ox ) has also been reported previously. 6, [69] [70] be reconciled with pure electron transfer in the rate-determining excited-state deactivation step. [8] [9] 18 Thermodynamic data for the proton transfer steps of Scheme 2 is experimentally difficult to access. (Table S1 of the Supporting Information). 4-cyanophenol has a pK a value of 9.0±0.2 under identical experimental conditions ( Figure S7 ). Thus, protonation of the photoexcited metal complexes prior to electron transfer (*PT, ET sequence in Scheme 2) is thermodynamically unlikely.
However, we note that proton transfer coupled to electronic relaxation of the 3 MLCT-excited complexes to their ground states (PT step in Scheme 2) is more exergonic by ∼E MLCT than proton transfer to form rhenium complexes in their excited states (*PT step in Scheme 2), hence there may be significant driving-force for the initial step of the PT, ET sequence of Scheme 2. However, based on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 cyanophenol / [Re(bpy)(CO) 3 (pz)] + reaction couple. 76 The highly endergonic nature of the subsequent ET step should preclude the formation of PCET photoproducts as observed experimentally, at least in the case of the [Re(bpy)(CO) 3 (Table 3) , the PT, ET sequence appears thermodynamically more realistic in this case.
In short, from a thermodynamic perspective CPET appears as the most plausible PCET reaction mechanism of the 4-cyanophenol / rhenium couples; for the [Re(bpz)(CO) 3 (py)] + complex the PT, ET
sequence cannot be fully excluded.
SUMMARY AND CONCLUSIONS
The rhenium complexes used in this study are less practical chromophores than previously investigated [Ru(bpy) 2 Thus, mechanistically the case has not become as clear as we had originally hoped, but the interesting finding is that both rhenium complexes exhibit PCET chemistry with similar reaction rates even though 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 they have different excited-state structures in the sense that different sites become protonatable after MLCT excitation. The bottom line is that for the reaction rates it does not appear to matter whether MLCT excitation occurs towards the protonatable ligand or away from it, at least for the two reaction couples investigated here.
EXPERIMENTAL SECTION
The rhenium(I) complexes were synthesized following previously published procedures, 34,77 column chromatography occurred on Silica Gel 60 from Machery-Nagel. Bruker Avance DRX 300 and B-ACS-120 instruments were used for 1 H-NMR spectroscopy, electron ionization mass spectrometry (EI-MS) was performed on a Finnigan MAT8200 instrument, for elemental analysis a Vario EL III CHNS analyzer from Elementar was employed. Synthetic protocols and product characterization data are as follows.
[Re(bpy)(CO) 3 (pz)](PF 6 ). 500 mg (1.38 mmol) pentacarbonylchlororhenium(I) were suspended in 80 ml toluene along with 220 mg (1.41 mmol) 2,2´-bipyridine and heated to 110°C for 7 hours. After cooling to room temperature the yellow Re(bpy)(CO) 3 Cl precipitate (590 mg, 93%) was isolated by suction filtration. Re(bpy)(CO) 3 Cl was reacted with AgPF 6 (139 mg, 0.55 mmol) in 50 ml CH 3 CN at reflux for 13 hours. After cooling to room temperature the solution was filtered and the filtrate is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 aqueous KPF 6 solution. This procedure resulted in pure [Re(bpy)(pz)(CO) 3 ](PF 6 ) in 37% yield (41 mg Instruments with a detection system comprised of an iCCD camera from Andor and an R928
photomultiplier. Excitation occurred with the frequency-tripled output from a Quantel Brilliant b laser.
All spectroscopy measurements occurred in aerated solution, the absorbance of the rhenium complexes at the excitation wavelength was typically between 0.1 and 0.3. The pH measurements occurred using a standard pH meter. coated with Paratone N-oil and mounted on a fiber loop followed by data collection at 100 K. The crystallographic data was collected with a Bruker APEX II diffractometer, equipped with a graphite monochromator centered on the path of MoKα (λ = 0.71073 Å) radiation. The SAINT program was used to integrate the data, which was thereafter corrected for absorption using SADABS. 79 The structure was solved by direct methods and refined by least-square fits on F 2 in SHELX97. 80 All non-hydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-97). Hydrogen atoms were placed using a riding model. Their positions were constrained relative to their parent atom using the appropriate HFIX command in SHELXL-97. In [Re(bpy)(CO) 3 (pz)] 2 (PF 6 ) 2 ·(H 2 O)·((CH 3 ) 2 CO), the lattice acetone molecule was found to be disordered on two equivalent positions. Hydrogen atoms on this disordered acetone molecule and on the lattice water molecule were not introduced. Table 4 contains the summary of the unit cell and structure refinement parameters. The CIF files can be found in the supporting information. The CCDC numbers of the two structures are 877478 and 877479. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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The influence of the directionality of MLCT excitation on photoinduced PCET between 4-cyanophenol and two closely related rhenium(I) complexes was investigated by luminescence and transient absorption spectroscopy. In one of the complexes MLCT excitation occurs towards a protonatable ligand, while in the other it occurs away from it. This difference in electronic excited-state structure appears to affect the mechanism of PCET but it has little influence on the PCET reaction rates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
